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Abstract

sc2 isa new implementation of the Sreams-C language and compiler. This document describes the design and implemen-
tation of the sc2 preprocessors and runtime and simulation libraries. The sc2 Reference Manual contains more information
on the Sreams-C programming language and the sc2 compiler structure. It should be read before reading this document.
The sc2 preprocessors take as input the sc2 language program and trandate the user directivesinto C++ code in the case of
simulation or synthesis. For hardware processes, the preprocessor produces compiler pragmasaswell. The Sm/RT libraries
contain the code for initiating and terminating processes, communicating through streams and signals and the sc integer
types.

1. Intr oduction

This documentescribesheimplementatiorof the sc2preprocessorandthe simulationandruntime (Sim/RT) libraries.
First, we will describethe goalsof the sc2 Sim/RT implementationand changesrom the previous implementation. We
describethe organizationof the sc2 compilerup to, but not including the back end stageswhich translatethe programs
hardwareprocessesmto VHDL for the FPGAs.We describethe differentpathsthe programcantake dependingon whether
the useris compiling for simulationor synthesis. In the synthesiscase,we describethe preprocessingequiredfor the
users hardware processesersussoftware processesWe alsodescribethe organizationof the Sim/RT libraries— the way
they implementprocessesstreamssignalsandsctypes. This descriptionwill alsoinclude how the intrinsic functionsare
implementedA brief summaryof the directorystructureof the SIm/RT librarieswill bepresentecswell.

2. Goalsof the sc2Sim/RT libraries

In the caseof simulation,the goalsof the SIm/RT librariesareto translatethe users directivesinto codenecessaryo
implementsoftwareandhardwareprocessestream&andsignalsin software. The programshoulddo thesamething it would
if it wererunningwith a combinationof hardwareandsoftware processeshowever it will not have the sameperformance,
sinceit is only runningin software. The outputshowever, shouldbethe same.The simulationcaseshouldbe usedto check
thatprocessstreamandsignalconnectionsrecorrect. It shouldbe ableto provide information,via print statementsto the
useraboultits executionpathsandstate.

In the caseof synthesisthe goalsof the Sim/RT libraries are to do two translations. For the software processesit
translateghe users directivesinto code necessaryo implementthemin software. For the hardware processesit does
a separatdranslationwhich includesthe C codefor the hardware processes.t alsogeneratecompiler pragmasfor the
synthesisompiler Thesynthesicompilerprocesseall of thisto generatehe hardwarecodes(in VHDL) neededo runthe
processesn FPGASs.

New goalsfor thesc2Sim/RT library implementatior(beyondwhatwasin the original version):

¢ Signalsandtheiraccompaging wait() andpost()functions

¢ Predefinedntegerdatatypegsignedandunsignedntegersof varioushit lengths)



Arraysof processesyhichimpliesarraysof streamsandsignals,sinceeachproceswill containthesamenumberand
type of streamsandsignalsjust perhapsonnectediifferently.

Differentway of specifyingprocessesstreamsandconnectionsn the directiveswritten by the user sc2eliminates
STREAM directivesand INPUT and OUTPUT directivesin the PROCESSdefinition. sc2 addsstreamand signal
elementdatatypedo the INJOUT STREAM andSIGNAL directvesandaddsa CONNECT definitionto connecthe
streamsandsignalsof the differentprocesses.

Processesanbeinitiated andterminateddynamicallyby main() or othersoftwareprocesses.

sc2allows the possibility of runningprocessesn othermachinesn anetwork or cluster Thecommunicatiorportion
of the implementatiorthenneedsto be designedo allow you to implementthe sc2 software processe# different
ways (threadsor regular UNIX processe®n onehostor over a network) andto be ableto implementthe hardware
processesn FPGAson othermachinesaswell.
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Figure 1. Organization of sc2

3. Organization of the sc2Sim/RT Libraries

Thefigure above shavs the organizationof the sc2compiler

The Sim/RT portion describeddy this documenincludesall of the component@bove the dottedline. Below the dotted
line lies the backendof the system the true compilers.On the left is the synthesigpathof execution. In this path,the user
expectsthe programto be compiledto run software processeén software andto run hardware processe®n the FPGAs.
Within the synthesisside,the users programis brokendown into two parts,the softwareandhardwareprocessesvhich get
processedurthereitherby linking to the Sim/RT librariesor by goingthroughthe synthesicompiler The Sim/RT libraries
containthe codethatimplementsthe processesstreamssignalsand sc datatypes.The hardware API library containsthe
interfaceto the hardwareusedby the hardwareprocesse the program.This library is usedwhensoftwareprocesseseed
to communicatevith hardwareprocesseéin theimplementatiorof streamsandsignals).The synthesicompileroutputsbit
streanfiles, which representhe functionsrun on eachof the FPGA boardprocessorsThesebit streamfiles arereadin by
the applicationexecutable.In contrast,on the right side of the figure is the simulationpath of execution. In this pathall
processeareimplementedn software.



4. The Preprocessors
4.1 Preprocessingor Software Side of Synthesis

For software processesthe app.scfile is preprocessethto a file called appsyn.cpp. Eachprocessdefinedbecomes
a new derived classof sc.sw_processor sc.hw_process. Each processclassdefinesa constructorand memberfunction
run() (which merelycallsthe PROCESSFUN definedfor thatprocess).The PROCESSFUN directive becomesa function
entitled “[PROCESSname]run” taking one argument,a pointerto an objectthatis the classtype of the process. Each
procesdunctionis allowed oneparameterwhich is implementedasa memberof the newly definedprocesslass.Streams
andsignalsarealsomembersf eachprocessclassdeclared.They all canbe easilyaccesseth the run functionssincethe
procesobjectis passedasanargument.A globalvariable,sc2processess anarrayof the nenly createdorocessobjects.
An sc.systemobijectis createdas a global variable,“sc2_system”. The appsyn.cppfile will containclassdefinitions of
softwareandhardwareprocessedyut run functionsonly of the softwareprocessesThemain()will beaugmentedo contain
theconnectallsto connecstreamsandsignalsbetweersoftwareprocesseandbetweersoftwareandhardwareprocessedt
alsocontainsthe assignmentf registersto streamandsignalportsif they arein hardwareprocesses-Hardwareto hardware
connectionswill not be included. The main() is also augmentedo start up and shutdown the processordeing usedin
synthesisaswell asto startup andshutdown the softwaresystem.

4.2 Preprocessingor Hard ware Side of Synthesis

Onthe hardwareside,the app.sdile is processe@ndtranslatednto onefile calledapp.cfbeforebeingprocessedby the
synthesisompiler It includes:
¢ thearchitecturelefinitionof the hardware(in pragmas).

¢ includefiles, suchasmacrosfor the hardwarecompilerandotherthings.

externdeclaration®f functionsthatarerunningin softwareandtheir pragmas

definitionsof functionsrunningin hardwareandtheir pragmas.

pragmador eachprocessieclaredn ///PROCESS

pragmador eachconnectiordeclaredn ///CONNECT

Functionheadersave void returnvaluesandtake processeandparametergisarguments.Pragmasyntaxis definedin the
sc2ReferencéManual.

4.3 Preprocessingor Simulation

The app.scfile is processed@ndtranslatednto appsim.cpp. This is donein a similar mannerto preprocessindor the
softwaresideof synthesishoweverevery processs aderivedclassof scsw_processAll connectiongrerepresentedndall
runfunctionsareincluded.Thereare,however, no registerassignmentsr startup/shutden of processors.

4.4. PreprocessotExamples

Someexamplesare presentechereto illustrate the C++ codegeneratedor synthesisand simulation. The pragmas
generatedby the preprocessdior thehardware(the .cf file) arenotpresentedhere asthey areexplainedin thesc2Reference
Manual.

Considerthefollowing sc2directivesfor a hardwareprocess.

/1] PROCESS FUN controller_run
/11 PROCESS_FUN_BCDY

/* code omtted */

/11 PROCESS _FUN_END

/1] PROCESS controller PROCESS FUN controller_run TYPE HP ON peO



For the software side of synthesisjt will becomea sc.hw_processrunningon a processqarpe0 (the run functionis not
includedfor hardwareprocesses).

class controller_c : public sc_hw process {
public:
control l er_c(const char* process_nane,
unsi gned int new.id,
sc_systenr sys,
processor* pe)
:sc_hw _process(process_nane, new_id, sys, pe)

{

}
voi d* run(){};
b

controller_c* controller = new controller_c("controller", 1, sc2 _system pe0);
For the simulation,it will becomeansc.sw_processunningon the hostmachinewith codeincludedfor therunfunction:

class controller_c : public sc_sw process {
public:
control l er_c(const char* process_nane,
unsi gned int new.id,
sc_systenr sys,
host _nmachi ne* hm
:SC_sw _process(process_nane, new.id, sys, hm
{
}
voi d* run();

};

controller_c* controller =
new controller_c("controller", 1, sc2_system sc_host);

voi d* controller_run (controller_c* proc)

{

/* code omtted */

}

Considerthefollowing sc2directivesfor a softwareprocesswith a port (anoutputstream)anda parameter:

/1] PROCESS FUN hostl run

/1] OUT_STREAM sc_i nt 32 out put_stream

/1] PARAM int iterations

/11 PROCESS_FUN_BCDY

/* code not included here for simplicity */
/1l PROCESS_FUN_END

/1] PROCESS host1 PROCESS FUN host1l run

For the softwareside of synthesisandfor simulation,it becomesan sc sw_procesgwith processd 3) with a streamand
theparameteasmembersf its class.

class hostl ¢ : public sc_sw process {
public:



sc_outstreanxsc_i nt32>* out put_stream
int iterations_param
host1 c(const char* process_nane,
unsi gned int new.id,
sc_systenft sys,
host _nmachi ne* hm
:SC_sw _process(process_nane, new.id, sys, hm
{
out put _stream = new sc_out streanxsc_i nt 32>(thi s);
}
voi d* parans(int iterations);
voi d* run();

};

host1 _c* hostl = new hostl c("host1l", 3, sc2_system sc_host);

voi d* hostl run (hostl c* proc, int iterations)

{
/* code not included here for sinmplicity */
}
voi d* hostl c::paranms(int iterations)
{

iterations_param = iterations;
}
voi d* host1 c::run()
{

hostl run(this, iterations_param;
}

Considerthefollowing examplewith aninsignalonwhich it will wait.

/1] PROCESS FUN waiter _run
/1] 1IN SIGNAL sc_int32 insig
/11 PROCESS_FUN_BODY
sc_int32 data = sc_wait(insig);
/1] PROCESS_FUN_END

/1] PROCESS FUN poster_run

/1] OQUT_SIGNAL sc_int32 outsig

/11 PROCESS_FUN_BCDY
sc_post(outsig, 1);

/11 PROCESS FUN_END

/1] PROCESS waiter PROCESS FUN waiter run TYPE SP ON sc_host
/1l PROCESS poster PROCESS FUN poster _run TYPE SP ON sc_host

The following codewould be generatedor the sythesisand simulationcases. Notice that the scwait() call mustbe
transformedo indicatethe signaldatatypeandthe numberof signalsfor which the processs waiting.

class waiter_c : public sc_sw process {
public:
sc_insignal <sc_int32>* insig;



wai ter _c(const char* process_nane,
unsi gned int new.id,
sc_systenft sys,
host _nmachi ne* hm
:SC_Sw_process(process_nane, new_id, sys, hm
{

i nsig = new sc_insignal <sc_int32>(this);

voi d* run();

IR

class poster_c : public sc_sw process {
public:
sc_out si gnal <sc_i nt 32>* out si g;
poster_c(const char* process_nane,
unsi gned int new.id,
sc_systenr sys,
host _nmachi ne* hm
:SC_Sw _process(process_nane, new_id, sys, hm
{

outsig = new sc_outsignal <sc_int32>(this);

voi d* run();

i

wai ter_c* waiter
poster_c* poster

= new waiter_c("waiter", 1, sc2 system sc_host);
= new poster_c("poster", 2, sc2 _system sc_host);

voi d* waiter_run (waiter_c* proc)

{
sc_int32 data = sc_wait<sc_int32>(1, proc->insig);
} /* Process Fun End */

voi d* waiter_c::run()

{
}

wai ter_run(this);

voi d* poster_run (poster_c* proc)

{
sc_post (outsig, 1);
} /'* Process Fun End */

voi d* posterl c::run()

{
}

posterl_run(this);

For the sameexample,considerthesc2programs CONNECTdirective andmain():

/1] CONNECT waiter.insig posterl.outsig

void mai n(int argc, char *argv[])



{
sc_initiate(waiter);
sc_initiate(poster);

}

The following would be producedor the simulationandsynthesiscode. The preprocessohnasaddedthe connect()call,
the systemstartupandshutdavn code.

void mai n(int argc, char *argv[])

{
connect (waiter->insig, 16, poster->outsig, 16);
sc2_system >startup();
sc_initiate(waiter);
sc_initiate(poster);
sc2_system >shut down_wait ();
}

Considerthe arrayof processemdicatedby thefollowing directives:

/1] PROCESS kneans[?2] PROCESS FUN kneans_run TYPE HP ON sc_host

/1] CONNECT kneans[0].output_stream knmeans[1].input_stream

For simulationandsynthesisthefollowing would be generatedassuminghereis a prior kmeansc classdefinition,which
is omittedfor simplicity).

sc_process_array<kneans_c, 2>* kmeans_array =
new sc_process_array<kneans_c, 2>("kneans", 2, sc2_system sc_host);
knmeans_c** kneans = kmeans_array->proc_array;

void main(int argc, char *argv[]) {
/* code onmitted */
connect (kneans[ 0] - >out put _stream 16, kmeans[1]->i nput_stream 16);
/* code omtted */
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Figure 2. sc2 Sim/RT Class Hierarchy

5. The Sim/RT Libraries

Thefigure abore shawvs thedifferentlayersin the Sim/RT library implementation.

At thelowestplacein the hierarchyis the applicationlayer, which may, for example,definetwo processeshost process”
and “pel process”,connectediy one stream. For this example,“host process’is a software process,‘pel process”is a
hardwareprocessandthe streamis an sc.int32 datatypestream.The preprocessairanslateshe userdirectivesinto classes
“host processc” and“pel_processc”. Asyou canseefrom theclasshierarchydiagram theapplicationlevel classesrede-
rivedfrom asetof “sc” classesTheseareagenericsetof classesisedfor implementinghesc2userdirectives.However, they
arereally implementedor the underlyingcommunicatiorprotocolsby the communicatiorlayer at the top of the hierarchy
diagram. The “sc” classesareall derived from classesn an upperlayer, the communicationlayer. For this implementa-
tion, thesecommunicatiorlayer classesandtheir methodsare specificallyimplementedor threads.Othercommunication
protocolsat this level mustprovide the samenamedclassesandmethods.
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The figure above illustratesthe way objectsin the Sim/RT would be connectedn the previous examplewheresoftware
process'host process’is connectedo hardware process'pel process’by streams.The wordsin the bold type indicatea
global variablenamefor the object. Thereare global variablesfor the sc systemobject, the processobjectsandthe array
thatrefersto a list of the processen the system. The top word in a box is the objects class. For softwareto hardware
connectionsn the pthreaddmplementationthe hardwarefifo is implementedwith a single object, pointedto by both the
instreamandoutstream Notethatsoftwareto softwareconnectionsisea softwarefifo.

The following sectionswill describein more detail the implementatiorof eachof the Sim/RT layersandclassesn the
layers.

5.1 System

Sincethe sc2 programcan be implementedwith differentprocessmodelsand becauseprocessesan be dynamically
intiatedandterminatedthe sc2implementatiormustprovide a systemclassthatrepresentshe systemasawhole.

Processesanpotentiallyexecuteondifferentmachinespr onthesamemachine sotheremustbeawayto getinformation
aboutthem. Also, sinceprocessesanbe dynamicallyinitiated andterminatedthe systemclassmustkeeptrack of them.
Thesewerenotissuesn thepreviousversionof Streams-Checaus@rocessesvereonly implementedvith threadgesiding
ononemachineandwereinitiatedall at oncein main(),neverreinitiated.At theendof main,it woulddo ajoin to make sure
all the processewerefinishedbeforeexiting.

Thescsystenclassrepresentshe systemobject. It mustsomehav containthe procesbjectsrunningin the program.It
is constructedy giving anarrayof sc procesobjectsandarraylength.

The sc.systemclassis derived from baseclasssystem,which is expectedto be provided by the communicationiayer.
The systemclassis expectedto provide the following operations:startup(),initiate_process()terminateprocess(pndshut-



down_wait().
5.2 Processes

sc2processearerepresentedly objectsof classeshatarederivedfrom sc.sw_processaindschw_processTheseclasses
areinitialized with anameanduniquelD of the process.The sc[sw,hw]_proceslassesrederivedfrom [sw,hw]_process
classesn the communicatiorayer, which implementdnitiate() andterminate().

5.3 Built-in scTypes

In a regular sc2 implementation(without an addedfixed point library) 6 sc typesareimplemented:sc.int8, sc.intl6,
scint32, scuint8, scuintl6, andscuint32. In orderto implementthe full rangeof typesdefinedin the sc2languagethe
usermustuseanaddedixedpointlibrary andchangethe sc.types.hfile to provide the bit insertandbit extractoperations.

5.4. Streams

Therearetwo typesof streamsat the commlayer. In the sclayer, a templateallows the userto definea streamwith
an scintegertype asits parameter For example,scinstream<scint32> is a 32 bit signedinteger type of instream. The
streamclassesarederived from non-templatedlassesnstreamand outstream.Thesebaseclassesareimplementedn the
communcatioriayer. For example,scinstream<scint32> would bederivedfrom theinstreamclass.

In main() streamsare connectedo eachotherif they arebothin softwareprocessespr oneis in softwareandoneis in
hardware.Hardwareto hardwareconnectionsrenot representedThefifo size(numberof elementsn thefifo) is passeds
parametewhenstreamsareconnected.

5.5. Signals

Signalswork in ananalogousvay to streamsasfar asbeingtemplatedandtheir derivedclassesThey arealsoconnected
in asimilarway.

5.6. Err or Checking

Error checkingis doneat the sclevel, sothatthe implementatiorprovidesconsistenerror checkingno matterwhatthe
communicatiorimplementations.

6. sc2Intrinsic Functions

Most of the sc2intrinsic functionsareimplementedas macros. This way, the correctfunction canbe calleddepending
uponwhatkind of processstream,signalor scintegertype is passecdhs an argumentor expectedasa returntype. This
works, becausén the processun functions,the processbjectis passedn asa parametefproc”. The streamsandsignals
areaccessiblédrom the processbject.sc2 systemis a globalvariable,sois accessiblehatway.

7. The Communication Layer

The variousimplementation®f the communicatiorlayer mustimplementthe following interface,which is expectedby
the“sc” layerof the Sim/RT. (Makethis atable.)

¢ systemc, with methodgegister process()initiate_process(andterminateprocess()startup(Jandshutdavn_wait().
swhw _processwith methodsnitiate() andterminate()
¢ instreamwith methodssetelementbytes(),read()andconnectports()

e outstreamyith methodssetelementbytes(),write() andconnectports()



¢ insignal,with methodssetelementbytes(),connectports(),wait_for_me(), registerwait(), wait_for_mary()
¢ outsignalwith methodssetelementbytes(),connectports()andpost()

e hostmachine

8. Pthreadsimplementation of Communication Layer
8.1 System

For the pthreadsmplementatiorof the sc2 processesthe systemobjectcontainsan array of the processeshat canbe
initiated by the program.It alsocontainsa pointerto a procesghatrepresent#s own processlt mustalsocontaina mutex
andconditionvariablesothatit canwait until all processebave exited beforeexiting themain()routine. It cannotexit main()
earlyin shutdavn_wait() or elsethatwill terminateall the otherrunningthreadgprematurely

8.2 Processes

Eachprocesslassobjecthasstatewhich sayswhetherit hasbeeninitiated. Thisis setto falsein the constructorthenset
to true afterthe pthreadcreatecall is done. Thereis a mutex protectingthis member It alsocontainsa pointerbackto the
sc systemobjectanda pthreadhandlefor itself.

In the implementationof initiate() and terminate()the sc. systemclassmustget ahold of the mutex in orderto setthe
“initiated” flag for the object.

8.3 Streams

As mentionedin the Streamsection,the sc streamsare derived from classesnstreamand outstream. The software to
software connectiosrare implementedn pthreadswith only a fifo member A streamof a software processwill sharea
sw._fifo with anotherstreamof a software process.If the connectionis hardwareto softwareor softwareto hardware,they
will bothbesetto pointto a hw_fifo object.

sw_fifo objectscontaina pointerto a buffer andpointersto the headandtail of the fifo. Thereis a mutex for thefifo and
two conditionvariables representinghe conditions‘closedor notempty” and“not full”. “closedor notempty”is required
becausehe outstreammay setitself to closed,in which casetheinstreamshouldnot be ableto readfrom it, evenif thereis
datathere.So,theinstreamcheckdor theoutstreansettingthefifo to closed or to notempty In thecaseof closed,t returns
with the datasetto O.
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Figure 4. sc2 Signal Implementation

8.4. Signals

Whenconnectedsignalspoint to eithersw_sig dataor hw_sig_dataobjectsin a similar way to how streamswork. The
sig_dataobjectscontainthe informationneededo storesignalvalues,indicatethata valueis stored,andindicatethatit is a
signalfor whichtheprocesshouldwait. sig dataobjectsthatrepresentiatafor insignalsfor aparticularprocessarechained

togetherin alinkedlist. A signalhandlerobjectassociatedvith the processhasaccesdo this list andusesit to manage
waiting for signals.
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9. Directory Structure

The“src/util/pre” directorycontainghepreprocessorf®r simulationandsynthesisThe"/src/sim.rt/sc” directorycontains
the“sc.” classesThe“comm?” directoryis meantto include potentiallymary implementation®f the communicatiorlayer
of the Sim/RT. Right now, only “pthreads”is beingimplemented.The “lib” directory containsthe libraries neededby an
applicationprogramto be processedby the Sim/RT. Theselibrariesincludethe “sc” and“comm” libraries. The “include”
directoryincludesall the includefiles for Sim/RT processingaswell. The “bin” directoryincludesthe perl scripts. The
“apps” directory containsexampleapplicatiosrfor the userto readandrun to help understandhow to usesc2. The “doc”
directoryincludesthe sc2referencenanual(sc2.ps,dvi,pdf)andthis documen{sim.rt.ps,dvi,pdf).



